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摘要 
环系作为有机化合物的重要几何结构特征之一，是具有良好生理活性的复杂
天然产物的重要骨架之一。环系的构筑一直是合成化学家们的研究重点。尽管现
代有机化学已经得到巨大的发展，但是简洁高效构建环系骨架的方法一直是化学
家们追求的目标。在过去的几十年里，过渡金属催化的烯烃复分解反应已逐渐成
为构建碳碳双键及环系骨架的重要工具之一。在天然产物和药物中间体的合成中，
烯烃复分解反应已经成为不可或缺的策略，极大促进了天然产物合成化学的发展。
本论文围绕着通过烯烃复分解关环反应（RCM）构建多环骨架的方法学研究，包
括桥环体系和并环体系，并在此基础上，首先对紫杉醇（taxol）核心三环骨架进
行合成研究，接着对二萜 Pseudolaric Acid F进行全合成研究。 
 
 
双环[n.3.1]桥环体系广泛存在于天然产物中，通常具有较大的环张力，因而
在合成上具有一定难度，其中双环[5.3.1]桥环体系最具挑战性。我们发展了一种
以三甲基硅基（TMS）对底物构象进行控制从而实现 RCM 反应的新策略。具体
而言，以 C-5位 TMS 取代的环己烷二烯醇为底物，以 Ti(OiPr)4为辅助试剂，在
Hoveyda-Grubbs-II 催化剂作用下，通过烯烃复分解反应高效合成了一系列双环
[n.3.1]桥环化合物。通过在环己烷的 C-5位引入硅基基团，可有效控制六元环的
构象，使两烯烃链处于直立键的构象具有更好的热力学稳定性，从而更易发生关
环反应，而且硅基基团在后期亦可脱除或进行官能化。应用这一策略，我们不仅
成功实现了张力相对较小的双环[3.2.1]，[3.3.1]，[4.3.1]桥环化合物的合成，而且
实现了多个含有中环（八元环、九元环）的双环[5.3.1]桥环化合物和双环[6.3.1]桥
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环化合物的构建。我们也将裸露羟基保护，也能顺利得到一系列 TMS 保护的双
环[5.3.1]桥环化合物。之后，我们从一个 6-8（双环[5.3.1]）桥环化合物出发，经
过 Fleming-Tamao氧化、二氧化硒氧化、共轭加成以及羟醛加成等几步简单转化
实现了 taxol 的核心 6-8-6碳环骨架的构建。 
 
 
 
在自然界中广泛存在着具有并环骨架的天然产物，如何构建并环骨架显著影
响着天然产物的整体合成效率。我们发展了分子内环烯与侧链炔重组式的串联烯
炔复分解-烯烃复分解关环的策略，实现了多个天然产物优势骨架的构筑。具体
而言，以烯炔化合物为底物，在 Grubbs-II 催化剂和乙烯气氛下，高效合成并环
化合物。应用上述的条件，我们成功合成了一系列含有不同取代基团的 5-6、5-
7、6-7并环化合物，以及更加复杂的三环并环化合物，如 6-7-5，6-6-7，6-7-6等
并环骨架。此外，我们的方法还可实现具有较大张力的中环并环骨架的构筑，如
5-8，6-8 并环化合物，虽然产率不高。鉴于所产生的共轭二烯是天然产物合成过
程中的重要合成子之一，我们也对其进行了简单转化，如 4电环化，单线态氧
加成反应等。在此方法学研究基础之上，我们从 5-7 并环化合物 3-ad 出发，经
过单线态氧加成反应，自由基环化反应等几步简单转化实现了二萜 Pseudolaric 
Acid F的三环骨架的构建。 
Pseudolaric acid F 是具有双环[5.3.0]癸烷骨架和跨环内酯结构的二萜天然产
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物，它含有四个连续的手性中心，侧链为一个 E/E 构型的共轭二烯羧酸，其具
有抗菌，避孕等作用，而且对 HL-60细胞具有一定的细胞毒性。我们以环戊酮为
起始原料，通过新发展的串联烯炔复分解反应高效构建了双环[5.3.0] 癸烷骨架，
接着经单线态氧加成反应完成癸烷骨架的氧化官能化，通过自由基环化反应我们
成功构建了 C-10位季碳中心，之后通过臭氧化、氧化、Ohira反应等转化成功实
现了 Pseudolaric acid F 高度官能化的三环骨架的合成。 
 
关键词：天然产物，烯烃复分解反应（RCM），Taxol，烯炔复分解反应（EYM），
串联反应，Pseudolaric Acid F，全合成，单线态氧加成反应，自由基环化反应。
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Abstract 
 
Ring system as one of the most important geometric structures of organic 
compounds has attracted intense interests of organic chemists for their construction. 
How to construct the ring skeletons concisely and effectively is always what chemists 
pursued, even though significant development has been achieved in this field. In the 
past few decades, transition-metal-catalyzed olefin metathesis (RCM) has quickly 
become one of the most versatile and powerful tools in organic synthesis. It has been 
widely used to construct the C-C double bonds and the rings. RCM reaction has become 
one of the key reactions for total synthesis of natural products and drugs. This 
dissertation aims to develop new methods for the construction of complex ring systems 
(include bridged rings and fused rings) via RCM reaction. and apply them to to the 
synthesis of the tricyclic skeleton of taxol and the diterpene pseudolaric acid F. 
There are many natural products which contain bicyclo[n.3.1] ring system. 
Because of the huge strain, it is very difficult to construct these skeletons, especially 
the bicyclo[5.3.1] ring systems (also known as 6-8 bridged bicycle). Now We have 
developed an efficient RCM approach for synthesis of bridged carbocyclic compounds 
via the substrate conformation control by a bulky TMS group. Specifically, by treatment 
with 5 mol% Hoveyda-Grubbs second generation catalyst and 1.0 equivalent Ti(OiPr)4 
in refluxing CH2Cl2 for 4 hours, a series of the substituted cyclohexanols which contain 
two olefin side chains at C-1 and C-3 positions and a large silyl group at C-5 position 
could undergo RCM reactions to afford the corresponding bridged bicycles. We have 
two considerations about the introduction of a large silyl group: 1) The sterically 
demanding silyl group would stabilize a productive conformation of RCM in which two 
olefin chains occuped di-axial positions, 2) The silyl group could be removed or 
converted to useful functions in later stage. With the optical reaction condition in hand, 
we synthesized a couple of bridged bicycles, including bicyclo[3.2.1]octene, 
bicyclo[3.3.1]nonenes, bicyclo[4.3.1]decenes in good yields. Even though the medium-
sized carbocycles (including 8/9-membered rings) have high ring strain, we have 
synthesized bicyclo[5.3.1]undecenes bearing a double bond at different positions of the 
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newly forged bridge. Also, the hydroxyl group was protected with TMS group, RCM 
reaction was worked well in most cases. Furthermore, we also successfully constructed 
the highly strained 6-9 bridged compound through the same strategy, albeit in low yield. 
Starting from one of the 6-8 bridged bicycle compounds, we synthesized the tricycle 
skeleton of taxol via Fleming-Tamao oxidation, SeO2-oxidation in several steps. 
 
 
A lot of bioactive natural products contain fused bicyclic ring systems. The way 
to make the bicycle rings would significantly influence the overall synthetic efficiency 
of these natural products. We have developed a new method base on enyne metathesis 
(EYM) reaction to synthesize the fused bicyles. By treatment of 3 mol% Grubbs second 
generation catalyst under the atmosphere of ethylene in refluxing CH2Cl2 for 4 hours, 
various enynes underwent the desired transformation to afford a series of fused bicyclic 
dienes with diverse functions. With this method, we can not only synthesize diverse 
fused [5-7]/[5-6]/[6-7] bicyclic compounds, but also make more complex tricycle 
compounds (including fused [6-7-5]/[6-6-7]/[6-7-6] tricyclic compounds) in good yield. 
To our delight, we can also synthesize the fused more challenging [5-8]/[6-8] bicyclic 
compounds by this method. The resulting diene products could be converted to the 
useful intermediates via 4- electrocyclization, singlet oxygen addition reaction and so 
on. Starting from fused [5-7] bicyclic compound 3-ad, the tricyclic skeleton of 
pseudolaric acid F were constructed with two key reactions, singlet oxygen 
cycloaddition and radical cyclization. 
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Pseudolaric acid F contains a trans-fused [5-7] bicyclic core (polyhydroazulene) 
and a bicyclo[3.2.1] lactone system bearing four contiguous stereocenters. Pseudolaric 
acid F has been identified as a potent antifungal, antifertility agent, also it displays 
significant activity against the HL-60 cell. Beginning with cyclopentanone, the fused 
[5-7] bicycle compound was constructed via newly developed EYM reaction. The 
enone intermediate was formed via singlet oxygen cycloaddition followed by peroxide 
rearrangement. The C-10 quaternary carbon center was constructed via radical 
cyclization. Finally, the functionalized tricylic skeleton of pseudolaric acid F was 
acquired through ozonolysis, oxidation and Ohira reaction.  
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Key words: natural products, ring closing metathesis (RCM), taxol, enyne metathesis 
(EYM), tandem reation, pseudolaric acid F, total synthesis, singlet oxygen addition 
reaction, radical cyclization.
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常用有机化学名称缩写 
Ac acetyl/乙酰基 
ACCN 1,1′-Azobis(cyclohexanecarbonitrile)/ 1,1′-偶氮双(环己烷甲腈) 
AIBN azodiisobutyronitrile/偶氮二异丁腈 
Bn Benzyl/苄基 
p-BrBz p-Bromobenzoyl/对溴苯甲酰基 
BQ benzoquinone/对苯醌 
n-Bu n-butyl/正丁基 
t-Bu t-butyl/叔丁基 
CDI carbonyl diimidazole/羰基二咪唑 
cod 1,5-cyclooctadiene/1,5-环辛二烯 
m-CPBA m-chloroperbenzoic acid/间氯过氧苯甲酸 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene/1,8-二氮杂双环[5.4.0]十一碳-
7-烯 
DCE 1,2-dichloroethane/1,2-二氯乙烷 
DCM dichloromethane/二氯甲烷 
DIBAL-H diisobutylaluminum hydride/二异丁基氢化锂铝 
DIPEA diisopropylethylamine/二异丙基乙胺 
DMAD dimethyl acetylene dicarboxylate/丁炔二酸二甲酯 
DMAP N,N-4-dimethylaminopyridine/4-N,N-二甲氨基吡啶 
DMF N,N-dimethylformamide/N,N-二甲基甲酰胺 
DMP Dess-Martin periodinane/ Dess-Martin 氧化剂 
DMSO dimethylsulfoxide/二甲亚砜 
EA ethyl acetate/乙酸乙酯 
Et ethyl/乙基 
HMPA hexamethylphosphoramide/六甲基磷酰三胺 
IBX o-iodoxybenzoic acid/2-碘酰基苯甲酸 
LAH lithium aluminum hydride/氢化锂铝 
LDA lithium diisopropylamide/二异丙基氨基锂 
厦
门
大
学
博
硕
士
论
文
摘
要
库
常用有机化学名称缩写 
IX 
 
MB methylene blue/亚甲基蓝 
Me methyl/甲基 
MOM methoxymethyl/甲氧基甲基 
PCC pyridinium chlorochromate/氯铬酸吡啶嗡盐 
PDC pyridinium dichromate/重铬酸吡啶盐 
Ph phenyl/苯基 
i-Pr i-propyl/异丙基 
PE petroleum ether/石油醚 
py pyridine/吡啶 
TBAF tetra-n-butylammonium fluoride/四丁基氟化铵 
TBDPS t-butyldiphenylsilyl/叔丁基二苯基硅基 
TBHP t-butyl hydroperoxide/过氧叔丁醇 
TBS t-butyldimethylsilyl/叔丁基二甲基硅基 
TEA triethylamine/三乙胺 
TES triethylsilyl/三乙基硅基 
Tf trifluoromethanesulfonyl/三氟甲磺酰基 
TFA trifluoroacetic acid/三氟乙酸 
THF tetrahydrofuran/四氢呋喃 
THP 2-tetrahydropyranyl/2-四氢吡喃基 
TMS trimethylsilyl/三甲基硅基 
TPAP tetra-n-propylammonium perruthenate/四正丙基过钌酸铵 
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